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ABSTRACT

It is shown in this paper that the distribution of electrons
by velocities in the outer radiation belt (Van Allen belt) may be
unsteady relative to low-frequency electromagnetic oscillations.
This instability is the basis for explaining the origin and a series

of peculiarities of VLF-radiation in the Earth's exosphere,

*
* *

A large experimental mzterial has recently been accumulated
in regard to natural VILF-radiation [1, 2], There are two types of
VLF - the discrete and the continuous radiaticn (emission). A series
of works were devoted to explaining the discrete VLF-signals [1, 3].
We shall only consider the continuous type of VLF. This radiation
usually ranges in the 1 -~ 30kc/s frequency band with a maximum inten-
sity in the frequency of ~ 5kc¢/s, ’t\aut considerably higher frecuen-
cies were received (to 200 k¢/s) [4]. The radionoise mostly lasts
1.54- 2, and sometimes lasts beyond 10 hours,

The VLF-radiation is received in a broad geomagnetic iatitude
range. According to latest data the least recepntion latitude is }5._,7"

{5]. The angular dimensions of the emission source by agimuth are

* 0 mekhnizme generatsii elektromagnitnogo ul'tranizkochasto$nogo
izlucheniya vo vneshnem radiatsionnom poyase Zemli.




usually great, reaching 50° and more [6]1. The intensity of VLF=-
sirnals received by ground stations is very low (0.05 -+ 0.5 mvm‘1 .
cps) , with a maxirmum at about 60° latitude [6,7]. The VLF reveals
a notable correlation with geomarnetic activity. The most frequently
received hiss has the tendency of odcurring at time of reduced phase
of a geomagnetic storm [11.

There are indications éf existence of relationship between
the VLF-radiation and the occurrence of aurorae [8,9].

A series of mechanisms have been proposed for the explana-
tion of VLF-radiation {1, 3, 10~ 12]. They are based on Cerenkov
radiation and brehmstrahlung of cloud or charged particle flux,
moving through the Earth's exosphere, ithile these mechanisms explain
satisfactorily the origin and the peculiarities of discrete-type
emission, they are inapplicable for the description oif ;’zx series of
peculiarities of VLF-noises, having a long duration and a broad sta-
tionary frequency band. Thus if we have recourse to thée incoherént
particle emission mechanism in the ionosphere and exosprere for
the explanation of the observed continuous VLF-noise, the radiative
power obtained according to calculations of [13], results by seve-
ral orders lower than that observed. For example, the incoherent
Cerenkov emission of highly-energetic electrons from the outer radi-
ation belt assures a power of 10‘19 watt m'2 cps'l in the frecuency
of 5 ke/s. The contribution from the incoherent synchrctron emission
of radiation belts' particles results still lower [13].

Converging values are obtained when estimating the intenmsity
of the incoherent emission from a stationary solar corpuscular flux.
Thus, taking the stream*s velocity as being V, ~3.108 cm/sec,
the particle concentration in the flux — as 10° <:m'5 and the cha-
racteristic dimension of the stream as »'«109 cm, and utilizing
the expressions of [13], we obtain for radiation (emission) intensi-

ty a quantity ~ 3 o 10-20 watt m~2 cps'l in the frequency f~5kc/s.
But the observed intensities constitute for example at 9 kc¢/s fre-

quency a value ~ 1071° watt m=2 cps'l 4],




The coherent emission of the flux of charged particles
could in principle assure an intensity by several orders greater
than tre incoherent. But this feils to explain a whole series of
peculiarities characteristic of VLF, Thus, assuming for examvple a
VLF generation by a solar corvpuscular stream, it is impossible to
eliminate the contradiction consisting in that the emission often
correlates with the reduced vhase of amagnetic storm [11, when there
is no flux. It is difficult to explain the intensity maximum at 5 kc/s
and the well-expressed stationary state of the radionoise,

Therefore, the existence of a continuous VLF- component
endowed with the above-described properties, cannot be explained
by radiation generation mechanism originating directly in solar
corpuscular streams penetrating the Earth's exosphere.

V/e propose below a mechanism of VLF-noise generation in the
outer Van illen belt., Its exanination shows that the distribution
function of radiation belt's electrons by velocities may be unsteady
relative to low-frequency electromasnetic oscillations,., This insta-
bility is being used for the explanation of the origin and of the
series of peculiafities of the continuous VLF-radiztion in the Earth's

upper atrosphere.

ON THE INSTABILITY OF ELECTRONS'DISTRIBUTION FUNCTION
IN THE OUTER RADIATION BELT.

Let us consider the distribution function in a plasma situated
"in a ponuniform magnetic field, In this case, as shown by Parker [14],
neglecting the collisions, the charged narticles ! distribution func-
tion F (p, ¥) for an ecuilibrium state (9/0f =0) nay be represented
in the form . B

F (p, r)dp = [ (p*) ® (9, 8) dpds, m

where _f (pa) is the particles' distribution function by energies
(p2 is the sguare of particle's pulze). ®(p,0) ic the dependence of

varticle density on the coordinate ® about a selected line of force



and on the value of tie angle € betreen the pulse vector of the parti-
cle p and the direction of the mes:netic field H. A snherical system
of coorcinates was chosen in the pulses' snrce.
rarker [14] obtained a rencral exnreseion for
Y
_[H@TsC , . ,[Hm) e ]T
@ (p. °"[W] SdTC(r) oy st
Let us consider the special case vhen C(y) =Cd (¥ — Y.
agreeinc well with the evverinentsl data of [15). Then

® (9. ) = Cy sin8 [, 2)

where Cy is the normalization constant; H (0) is the marnetic field
at a certain selected noint. The case Y = O responds to the isotropic
distribution by oulses. At the same time the particle density is con-
stant alon,_rf the selected line of force of the magnetic field. If >0,
P,> P, (P,: is a component of the total kinetic plasma pressure across
the magnetic field H, P is the lonsitudinal component of that pres-
sure) and particle concentraztion decreases as the magnetic field in-
creases; if YLO0, PJ;<Pa and the concentration increases with the in-
crease of H.

e shall utilize the function (1), where & is determined by
the exprecsion (2), to describe the distribution of electrons in the
outer radiatiin belt of the Earth. As the estimates chow, the role of
collisions between particles of this belt is insirsnificant.

Since the energy spectrum of particles (electrons) of the belt
is at present not sufficiently well knovnn we shall use for concrete
computations, for f (p2) the normal distribution *

{__L

f(p?) = = 2m?

3
ammtyn P (3)

where m is the particle's mess, T is the temperature in energy units.

Then, according to (3), the distribution function of electrons in the
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oufer radiation belt may be written in the form

(- 2o

ex .
de = (Fl + Fz) dpde = { (zamro)q. pz sin @ +

P
N, ’-"P(" 2me) 2 sinv+1 @f SLO T dpdo #
'ﬁ.- —"_—(2".""1.‘);/' p sin” o[ H (V)] } pas.

(To*_fo.lstﬂ.

where F; 1is the isotropiec Maxwellian distribution of particles of

the exosphere proper; F, is the distributién of belt's high-energy
electrons; N,and N5 are respectively the concentrations of.particles
in the belt and in the exosphere; ¢ is the geomasnetic letitude; H (0)
is the magnetic field in the ecuatorial pzrt of the radiation belt.

Wie shall investicate the function (4) for instebility relati-

ve to electromagnetic oscillstions. It is easy to see that the spatial
variation of the distribution function can be neglected provided the

following condition is fulfilled :

o§|%,<l (X = 2x%),

where 2 is the characteristic cimersion of the belt along H; is
the wavelength in the medium. lve must note that in 2ll practically

interesting cases S <10

under Earth's exosphere conditions,
where the magnetic field is described by a dipole field [2], and for
the corsidered wavelengthe,

We shall make use for the analysis of function (4) for insta-
bility by the general correlations brousght out in the work [16],

We shall write the dispersion equation of normal-tyve wave propagation
Q (v; k)—n (e, k) = 0. )
Here the first addend represents the dispncrsion equation of

electromagnetic waves in a uniform magnetoactive plasma without ta-

king inté account the thermal scattering of electrons by velocities

oo/oo



Q=(1—u—v+4 uvcosta)n* — [2(1 —v)* 4 uvcosta —

—u(2—v)lnt+ (1 —0)[(1 —v)*—u], (6)
o} o} eH 4N
"=?'D=F'mu=ﬁ.""‘=(_m )

where n 1is the index ol reirzction; e and m are the charge and
the mass of the electron; &« is the angle between the wave vector k
and H.

Assumin< in (6) vS>u>1 ', (These inecualities are well
sctisfied in the exosphere for the radiation of interest to us, where

W <W.), we obtain the folloving expression for

. .n’=v(Vf¢cosa—l)“. . o

The propacation of waves is fully determined by the cold
plesma component, i.e., by the exosphere proper, inasmuch as the ra-
diation belt's particles usually constitute no more than 1% of the
total number of particleé.

The second term q[w:l)deterndnes the contributiod from the
accounting of the thermal scattering of particles by velocities.

In the apvroximation
QI |ny |9n
B> |5
we shall obtain for the damping (accretion) factor q the .following

expression:
g=1Imk=Imn (%) @®)

In the correlation (&) the wave vector k is the radicsl of

the equation Q = O. iccording to [16],

- M, (. % py.p.)
Imq=a(u—-l) ngp.l.[ 5((“ kp' P ]p ) . (9)
§TP Y

3 . z

The cuantity p;s; 1is the truve radical oi the expression
wm — kpy — smaq = 0. - (10)

The summing up in (1)) is effected by all sorts of partcles J

and harmonics s. The quantity M_ is expressed by a well known means



the Besrel functions and the first derivatives fron the distribution
function (4) by the lomgitudinal and transverse pulses p, and p, ;
kz is the wave vector comvonent zlong the magnetic field H.

As in (7), we shall omit the motion of ions (this corresponds
to the case © > Qy, , where & is the ion gyrofrequency). In the as-
sunption of smallness of Dessel functions'vargumenta entering in Mg,

i, e, &bt the fulfillment of the correlation [16]
(kpy ! mou) <1 . (11)
the expres-=ion (2) vill be r=cduced to the sum of three intesrals

Cmn == Uy Lt L, (12

which will in their turn be determined by the following correlations:

Iy = — 22 1Fsinta+ Yu(l +cosay] .
# 2(Vut)(Vucosa —1)k, §d”J.P.LA:|;x' (13)

S dp,p A,

[o = — 270° ¥ ucosasin® antm®
(@ —1)(Vucosa—1)* &2
where

A = _?.’i—’- - 2’:__.25
* m[m""’- = ("P‘x "P’-) Pyt gym e (H).

A°= [mmir_] p.
A

ad ~
h ’l-——n,:i;'l .

The expressions (13) are obtained in the assunmption

N Asie—2mop, 2 lsinta <€ Agrol

i . o
k

110221 |sinta | Aus ol (Vu—1). (15)

mﬂ.l

9F
%

At A4 not near zero, conditions (15) as reduced to one

sinfa
—— e I,
Vucosa.—-l<

which is upset only in the narrow region of angles adjacent to



It ic not diificult to satisfy oneself that inssmuch as the
temperature of the particles of the outer radiation belt exceeds by
" several orders that of the surrounding plasnia, the exosphere contri-
butes insignificantly to wave damping (accretion). In this case,
substituting in (13) A +1 by their values found by utilization of

(4), we shall have

4
°+ r /s
& MmNy s( pzl [ © RS ©
o= =gz m“““lf+@) T T A ga,t
e
w, T
+_+']e . (16)

27
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P
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The respective expressions, standing before the integrals
‘in the correlation (13) are the coe:iicients Kﬂ 0° As earlier

»"’:F'. ©
AGyu=—rm, a=—m.
i kl ° kl

Let us consider two boundary cases: a;,,o>pi and ,ai“°,<p1'

In the first case*, when A
0__4_—1.0>P.’L' (o

the expressions (16) for a whole Y take the form:

K N T " .-——‘a:t" » Y
—tr Tugg Ml 2 lg 2mT, S
Isn=—Tor 7w (- ) T2 (o g o,

T

_ Kmte_ (mT\"Na “imf
fo="@anryo; \&) W

- _]/1“ @n'" ot y=21 )
( = 1.0.!2..... ”7" ?,L: {‘“ at 7=2n—l,n=0,l.2..‘.. .




In the othcr bouncar— casse, when
a0 Pl, (18)

we shall obtrin for I at erbitrary value of , the following

=1.0
expressions:
o

-3
Kile A:mr, Nu[ 7 ]
Ij;l—--u—(z—,‘?;.v—n-m o+ 5 (0Faol)|

- a ey
Koe mT, N

=Wﬁ}[l+—}ln%’?—‘]mm,

Let us concicder the case of lonritudinszl distribution, when
k1 H, but at arbitrary direction o:i the wave vector we shzll limit
ourselves mainly to a cualitative analysis of.the guantities of inte-
rest to us., If x= O, I-l and I, cheracterizing at Y > O the speci-
fic wave dampins linked with the Cerenkov and brehmstrahlung absorp-
tion in the anomalous Dopvler effect-region, disaprear, and the expres=-
sion for the factor of q a.liiicztion takes a simple form:

_ v u—y -

’ 3 n3 Y-an 222 ~ -
g= % (—V;’_" ) Wk +2le Bt (rwi . Vi— 1) @By, = ve o). (20)

Formula (20) is valid when the inecuelity (17) is fulfilled. In the
of the inverse inequality fulfillmnet (18) for q at longitudinal
provagation, we sh=1ll have tue Tolloving exvression:

g=Yu=t :;"—:,'—:[%m.——«o(u—.})]. @)

T

Formulae (70) and (21) pass at Y= O into the well known
expressian for the brehmstrahlung sbsorption coefficient for ordinary
waves [17]. It must be pointed out that the condition (11) limits
the applicability of formulae (19) and (21), obtained at fulfillment

of the inequality (13), to the re-ion of small angles «

——

_ L, Wy R
ﬂ<ﬂ.p = arcsan<-5-
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As may be seen from exvressions (20) and (21), instability
is posrible in both cases, determined by the exnressions (17) and (18),

at frequencies

Ty

0 <orp =3 v >0. (22) .

The phyeical nature of this instability is the same as the
instability or the distribution function with anisotropic temperature
in case T, >T, [18, 19]. If the mean thermal velocity of radiation
belt's particles is sufficiently great. so trat condition (18) is
satisfied, then, as follovwe from (21), the amplification factor of gq
rises with the decrease in frecuency. In the case when q is determi-
ned by the expression (20), the maximum radiation can be found from

the square equation (0 <<€w,)

4 _ . % _g1=2]_ % (@3)
ow =0 +(D[ 76)&}' Wy T-i"-’-] (T+2)@§'3";—. . ( )

COMPARISON WITH THE OBSERVATION DATA

The recent observations by means of artifical Earth' satel-
lites and rockets have revealed a considerable irregularity in the
distribution of elecircns about the magnetic lines of force at heights
corresponding to the outer radiation belt. According to the exvression

(2), this is evidence of the presence of a clearly expres=ed aniso-

tropy and electron distribution by angles 8. Analysis conducted #n
reference [15] shows that the anisotropic factor, correponding to
unperturbed periods in the outer belt region usually is ¥ =~ 1, increa~
sing to Y = 2 during maznetic storms.

For concrete coumputations similar to those in [20], we shall
admit ¥ = 1. Let the intensity maximum of the radiation belt in the
equatorial region be remote from the Sarth's center by 3.5Earth's radii

(20, 21]. Then, according to (17), the boundary frequency will be
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’4-““,, =“H/3 vhich corrervonds to the ranse oi zenerazted freouencies,
from 500 =zc to zkout hundrede of cps.

e shell azssume the mern kinetic enerty of belt partcles to
be lOkev [20,21]. For the miven exocvher: and radiztion belt's pa-

rameters, we czn compute the relstion

( a )z - o ~
A~ e @

The velues of this relztion azre compiled below. As may be
seen, it is greater then the unity in the freouency @ < @,
R=1/r, 4 35 3 2 117
(afpy2,, 15 317 27 25 9
r being the distanc: from tine center of the Larth to the generation

point,

“hen computing (24) for the heights h = 1000 —4=~ 13 000 km,

we took the exponential distribution of electromns [22]

No=3,75-10% exp {— 2:40 }c,u".

Above 13 000 km the concentration was estimated constant and
equal to 10° cm™2,

Since the conéition (17) is satisfied, we may use all formulae
obtained for that case, The maximum emission freguency will be deter-

mined by the folloving exvression obtzined from (23) :

m! ,. -1
Omax = Oy (3+ —m—’—') . ’ (25)

@

faax ir = 3,5r)) = ~3°% = 4,8 xey. (26)
This velue agrees well with the evperimental data. As is shovm

by observations of [1, 2, 9], the maximum emission frequency ususlly

oscillates between 3 and 9 kc¢/s, increasing during macnetic storms.
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It is possible that these oscillotions are related to spatial shift
of the radiation belt [21]. Thus, at razdiation belt's shift by

L rg from r = 3.5rn the nexiruw frecuency £ varies by about

2 _ max
3 2.4 kc/s, becoming ecnal to either 2.5 or 7.2 kc/s. Besides, f

increases comewhat with Y rise. At the same time, the intensityn::aij‘:
VLF~radiation increaces. .

As it should bave been exgcected, the spatial displacement
of the belt toward the Xart during reomeornetic storms is attended by
a shift of the maximum of VLF-radiation occurrence toward lower lati-
tudes, Thus, if in qguiet days the vprobability of VLF~-occurrence is
maximurm at 60° latitude, the low-freouency radionoise will occur more
often near Y ~ 55° in time of mesnetic storms [7], _

Let us consider the cuestion as to what is the correlation
of radiation powers in various frequencies, In case Y = 1 and uti-
lizing (20) and (25), we obtain for g, _ with (@ << @) the following

expression:

w8}, N, o} ®

. n H
Gmax = % m: A—/:km‘f exp {'— m",ﬁ} Oan } . (253)

The comparative intensity of the received radiation in two
different frequencies may be aporoximately estimated by amplitude
squares' ratio after wave's passing the effective amplification path
over the extent of which the amplification factor drops by e times®*.

‘Il' = Ez eXP {2 [qm .{N,)Z —'q-v-x X ((I)g) Z;‘.]}. (27)
I E; » of B ' ;

Let us appraise the relation (27) for fl =9 and. f, =230 ke/s.
Substituting the numerical values of the gquantities emtering in (éEa), o
(fl and f, are respectively generated at h; =11 300km and h%EOOOkm),'
we obtain the following value fnor q -in freouency !1:

' 9 1

Q) max A 7.5 10~ N, cm”

® For a more precise estimate it is necessary to account for nonlinear
effects, leading to settling of oscillations' amplitude.
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At the same time, the ratio Gimax/femax > 1. The cuantity s.,

is found fromn the correlation

AS 1 [ (:ﬂ_) _ (w_) _
2mT, 3’I',mimax "’:z ¢ max - ("z; 9=0max
.. ‘ .

For fl =9 kc/s, the value 2.5 = 1500 km, Assuming the
density of electrons in the radiation belt at the place of frequency
f, generation to be Np ~ 3—=5 cm"3 {217, we shall obtain for the
relation (27) the followine value: ‘

—;—:— ~Nn L 104 = 108, | (28)

‘This result agrees well with the observation data of [4],

according to which I; / I, ~ 3 +10°,

As follows from (28), the radiation intensity is very sensi-
tive to variations of particle concentration in the belt., That is
why the VLF-noise, which probably is always present, must increase

by many times during the periods, when particle density in the radi-

" ation belt is maximum. As follows from [6], this corresponds to

periods of aurorae and reduced phases of magnetic storms. The increa~ -
sed VLF activity was precisely observed at that time, (see [1,8,9]).
Another cause leading to the risé in radiation intensity may be the
increase of Y during geomagnetic storm periods,

VLF~radiation can serve as an effective mechanism for crea-
ting particles responsible for the mid-latitude aurorae [23], inas-

much a8 in the considered type of instability the emitting particle

- passes to the state with a lesser angle ¥ 1183, resulting in the

increase of particle flow into the "forbiddén cone”, from which they
hit the lower part of the ionosphere and produce aurorae. Mid-latitude
aurorae are always attended by the VLF-noise [{8], and they line up
in the A¢ 52 « 58°¢ geomagnetic latitude range [8], which agrees
well with the position of the outer radiation belt.

® (see ref., [24]).
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., From the viewpoint of the above-developed theory the fact of
the existence of multiple atmospheric echoes and of discrete types of '
VLF-radiation is of interest [1, 25]., In certain cases, the subse-
quent echoes were stronger than the vreceding ones., The possible ex-
planation of this phenomena may be the fact of whistler and discrete
VLF~signal amplification in the outer radiation belt. The fact that
in whistler spectra frecuencies f .~ 3 -+ 4 kc/s are heard during lom
ger time speaks in favor of this hypothesis [25], as they are near fhaxe
The multiple echoes must be more fr~cuently observed at the latitude
corresponding to whistlers hitting the outer belt's intensity maximum.
This latitude is unilaterally determined by the position of the belt
and the pattern of whistle propagation trajectory. The study of the
distribution of intensity of multiple whistler echoes by latitude at
a known spatial position of the outer radiation belt shoﬁld allow
to resolve the old problem of the shape of trajectory of whistler pro-
pagation,

' . In case of arbitrary angle btetween kX and B an additional
damping occurs, which is linked with the Cerenkov and brehmstrahlung
absorption in the anomalous Doppler effect region (the terms ]k)and
I_1 -in the expression (12) ). The amplification factor then decreases
with the increase of ©& for two reasons: because of the decrease of
I+l and of increase of 1, and Ip. As is shown by the esyimates,
the influence of the terms I_; and Iy »ecause essential only for suf-
ficiently great o 3, 60°. The amplification factor drops rapidly in
this region and the maximum emission frequency decreases also.

If the mean kinetic energy of belt's W particles is different
from 10kev, the above-conducted examination remains valid at W 30
kev (the ineqﬁality (17) is satisfied)., In case W > 30 kev, the in-
verse inecuality (18) is fulfilled and the amplification factor increa-
ses with frequency decrease, The maximum value of g will be in the
%, = Py region.

Thus, the obtained conclusion for the maximum radiation are

.
qualitatively applicable in case of (18)sfulfillment too.
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* The accumulation of experimental facté about the outer radia-
tion belt will s2llow the conducting at a lster dete of more precise
‘guantitative analysis of VLF-radiation., The good knowvledge of this
radiatiin's peculiarities should allow to forecast to a certain extent

the state of the outer radiation belt.

In conclusion, the author expresses his thanks to B. N. Gersh-

man for his interest in the work and the checking of the manuscript.
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